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ABSTRACT: Three isomers, i.e., P4M5P4-1, M4P5M4-1, and
M4M5M4-1, of amido-ethynyl-amidohelicene tridomain oligomers
were synthesized. P4M5P4-1 formed four homoaggregate states, i.e.,
all-dimer, amido-dimer, ethynyl-dimer, and random-coil states, by
independent aggregation and disaggregation at the ethynyl and
amido domains. Then, possible combinations of heteroaggregation
were examined between the isomeric tridomain oligomers P4P5P4-1,
P4M5P4-1, M4P5M4-1, and M4M5M4-1. When P4P5P4-1 and
P4M5P4-1 were mixed in THF, to which trifluoromethylbenzene
was added, heteroaggregates with an all-dimer structure were formed
without forming homoaggregates. The heteroaggregation initially
occurred at the central ethynyl domain, which was followed by the
aggregation at the amido domains. Heteroaggregates were also formed
using the combinations P4P5P4-1/M4M5M4-1 and P4M5P4-1/M4P5M4-1, and the results indicated an important role for the
central ethynyl domain for heteroaggregation.

■ INTRODUCTION

Heteroaggregation between different structures of proteins plays
important roles in biological systems.1 In such cases, hetero-
aggregation must be much stronger than homoaggregation;
otherwise, mixtures of heteroaggregates and homoaggregates
will be formed. The formation of mixtures may not be desirable
when a structural signal of heteroaggregation is transferred to
other biological events. It is therefore interesting to understand
how homoaggregation is suppressed and how heteroaggregation
is promoted at the protein molecular level, because the general
concept of such suppression and promotion remains unknown.
Proteins are multidomain compounds with different struc-

tures and properties at each domain, and their functions differ
with their combination. It is therefore interesting to study how
heteroaggregation occurs in multidomain compounds, and the
examination of synthetic multidomain compounds is attractive
for this purpose, because the molecular structure at each domain
and their connecting mode can be designed. In addition, struc-
ture and property can be analyzed by various methods. Hetero-
aggregate formation of multidomain compounds has been studied
using block copolymers, which provided controlled macroscopic
structures. Block copolymers containing peptides,2 aromatic
amides,3 nucleobases,4 and phenols5 were treated with other
polymers to form micelles and separated phases, in which
hydrogen bonding was employed for the heteroaggregation.
Poly(ethylene glycol)-containing amphiphilic block copolymers
were also used for heteroaggregation under aqueous conditions.6

The heteroaggregation between enantiomeric polylactide block
copolymers, stereocomplex, was reported to form gels, micelles,
and microspheres.7

The multiple heteroaggregation of block copolymers provides
sophisticated macroscopic structures. However, to understand
protein properties and to construct a well-defined functional
materials system, the study on the molecular heteroaggrega-
tion8 of multidomain compounds, in particular dimeric aggrega-
tion, was considered interesting. Such study was not conducted
previously because of the lack of multidomain compound with
oligomeric structure exhibiting well-defined dimeric hetero-
aggregation.
Previously, we synthesized the tridomain compound P4P5P4-19

by the coupling reaction of two (P)-amidohelicene tetramers
(P)-210 and one (P)-ethynylhelicene pentamer (P)-3,11 both
of which formed dimeric homoaggregates: P4P5P4-1 has two
amido domains at the terminus and an ethynyl domain at the
center.11 The homoaggregation of P4P5P4-1 was examined,
and it was found that each domain independently aggregates
and disaggregates in a well-defined manner. Two types of thermal
response were obtained depending on the type of solvent on the
basis of well-defined structural changes in multidomain com-
pounds. We also reported the heterodouble-helix formation of
pseudoenantiomeric ethynylhelicene oligomers12 and their
higher assembly to form two-component gels.13 The dimeric
heteroaggregation was much stronger than homoaggregation in
these systems.14 On the basis of these results, we considered it
interesting to examine heteroaggregate phenomenon using the
tridomain compound P4P5P4-1 and its stereoisomers.
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In regard to the stereoisomerism of the tridomain compound
P4P5P4-1 with symmetric structure, we considered three other
isomers: P4M5P4-1, M4P5M4-1, and M4M5M4-1. Six dimeric
aggregates can then be obtained in their combinations exclud-
ing enantiomers (Figure 1). Of these aggregates, P4P5P4-1/
P4P5P4-1 and P4M5P4-1/P4M5P4-1 are homoaggregates,
P4P5P4-1/M4M5M4-1 and P4M5P4-1/M4P5M4-1 are race-
mic heteroaggregates, and P4P5P4-1/P4M5P4-1 and P4P5P4-
1/M4P5M4-1 are diastereomeric heteroaggregates. It was con-
sidered interesting to examine heteroaggregation between stereo-
isomers, which was expected to promote our understanding of the
heteroaggregation property of multidomain compounds.
In this study, three novel isomers, i.e., P4M5P4-1,M4P5M4-1,

and M4M5M4-1, were synthesized, and aggregation of five com-
binations, i.e., P4M5P4-1/P4M5P4-1, P4P5P4-1/P4M5P4-1,
P4P5P4-1/M4P5M4-1 , P4P5P4-1/M4M5M4-1 , and
P4M5P4-1/M4P5M4-1, were compared with each other and

with P4P5P4-1/P4P5P4-1. Notably, the three combina-
tions P4P5P4-1/P4M5P4-1, P4P5P4-1/M4M5M4-1, and
P4M5P4-1/M4P5M4-1 formed dimeric heteroaggregates with-
out forming homoaggregates. The heteroaggregation took place
via strong and initial heteroaggregation at the central ethynyl
domain.

■ RESULT AND DISCUSSION

Synthesis of P4M5P4-1, M4P5M4-1, and M4M5M4-1.
The synthesis of the isomeric tridomain compounds P4M5P4-1,
M4P5M4-1, and M4M5M4-1 was conducted as reported pre-
viously using the coupling reaction of isomeric oligomers.9

The Sonogashira coupling of (P)-2 and 2 equiv of (M)-3 gave
P4M5P4-1 in 65% yield (Scheme 1). Similarly, M4P5M4-1 and
M4M5M4-1 were obtained in 61% and 54% yields, respectively.
The stereochemistry did not largely affect the efficiency of the
synthesis.

Figure 1. Six dimeric aggregates of tridomain oligomers.

Scheme 1
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Homoaggregation of P4M5P4-1. The homoaggregation
of P4M5P4-1 (Figure 2) was examined in solution, employing

the CDmethod previously reported.9 The CD spectra of P4M5P4-1
were compared with the calculated spectra obtained by adding
those of amidohelicene tetramer 410 and ethynylhelicene pentamer
511 at the aggregate or disaggregate states: 4 was aggregated in
chloroform and disaggregated in THF; 5 was aggregated in
trifluoromethylbenzene and disaggregated in chloroform.
Dynamic light scattering (DLS) and atomic force microscopy
(AFM) analyses were conducted to confirm no higher aggre-
gate formation and to compare the aggregate size with P4P5P4-1.9

It was previously determined that a bidomain compound formed
dimeric aggregate by VPO,9 AFM analysis of which provided
30 nm average diameter. Then, in case similar sizes are obtained,

the formation of dimeric aggregate can reasonably be concluded
for the tridomain compounds. As in the case of P4P5P4-1,
four aggregate states, namely, the S-all-dimer, S-amido-dimer,
S-ethynyl-dimer, and S-random-coil, were obtained by changing
the solvent, in which S indicates the shifted state of equilibrium.9

The amido-dimer state of P4M5P4-1 was examined in bromo-
benzene as was in the case of P4P5P4-1.9 The CD spectra of the
aggregated amidohelicene oligomer (P)-410 (chloroform) added
to the enantiomeric spectrum of the disaggregated ethynylheli-
cene oligomer (P)-511a (chloroform) in 2:1 ratio was used as the
calculated spectrum of the amido-dimer state of P4M5P4-1. The
experimental CD spectra (2.5 × 10−6 M, 25 °C) of P4M5P4-1
coincided with the calculated spectrum (Figure 3a). To confirm
that this is the equilibrium shifted S-state, temperature and con-
centration were changed. The spectra did not change between
−5 °C and 80 °C at 2.5 × 10−6 M (Figure 3a) or between 5 °C
and 60 °C at 2.5 × 10−5 M (Figure 3b, and Figure S1, Supporting
Information). Thus, it was concluded that P4M5P4-1 is the
S-amido-dimer state under these conditions, containing no all-
dimer, ethynyl-dimer, or random-coil state.
The S-all-dimer state was examined in fluorobenzene as was

in the case of P4P5P4-1.9 The calculated spectrum was obtained
by adding the CD spectra of aggregated (P)-410 (chloroform)
and the enantiomeric spectrum of aggregated (P)-59 (trifluor-
omethylbenzene) in 2:1 ratio. The experimental CD spectra
(2.5 × 10−6 M, 25 °C) of P4M5P4-1 obtained are in agreement
with the calculated spectrum in shape, although the intensity
decreased (Figure 4a). At 5 °C and −5 °C, the same spectrum
as that at 25 °C was obtained, CD intensity decreased at 60 and
80 °C. An isosbestic point was observed at 349 nm, which is

Figure 2. Four homoaggregate states of P4M5P4-1.

Figure 3. CD spectra of P4M5P4-1 in bromobenzene at different temperatures at concentrations of (a) 2.5 × 10−6 M and (b) 2.5 × 10−5 M. The
calculated spectrum was obtained by adding the CD spectra of the aggregated amidohelicene oligomer (P)-410 (chloroform) and the enantiomeric
spectrum of the disaggregated ethynylhelicene oligomer (P)-511a (chloroform) in 2:1 ratio.

Figure 4. CD spectra of P4M5P4-1 in fluorobenzene at different temperatures at concentrations of (a) 2.5 × 10−6 M and (b) 2.5 × 10−5 M. The
calculated spectrum was obtained by adding the CD spectra of aggregated (P)-410 (chloroform) and the enantiomeric spectrum of aggregated (P)-59

(trifluoromethylbenzene) in 2:1 ratio. The inset shows the expansion of the spectrum between 340 and 360 nm.
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consistent with partial disaggregation at the ethynyl domain by
the temperature change. Under the conditions, (P)-5 was known
partially to disaggregate by heating,11a whereas (P)-4 formed strong
aggregate.10 At 2.5 × 10−5 M, the same CD spectra were ob-
tained at 5 °C and 25 °C (Figures 4b, and Figure S2, Supporting
Information). The results indicated that P4M5P4-1 is the S-all-
dimer state under these conditions.
The S-random-coil state of P4M5P4-1 was examined in THF.

The calculated spectrum was obtained by adding the CD spectra
of disaggregated (P)-49 (THF) and the enantiomeric spectrum
of disaggregated (P)-511a (chloroform) in 2:1 ratio. The experi-
mental CD spectra (2.5 × 10−6 M, 25 °C) coincided with the
calculated spectrum (Figure S3a, Supporting Information). The
spectra did not change between −5 °C and 60 °C at 2.5 × 10−6

M (Figure S3a) or between 5 °C and 60 °C at 2.5 × 10−5 M
(Figures S3b and S4, Supporting Information). Thus, it was
concluded that P4M5P4-1 here is the S-random-coil state.
The S-ethynyl-dimer state of P4M5P4-1 was examined in 12%

DMSO/trifluoromethylbenzene. The calculated CD spectrum was
obtained by adding that of disaggregated (P)-49 (THF) and the
enantiomeric spectrum of aggregated (P)-59 (trifluoromethylben-
zene) in 2:1 ratio. The experimental CD spectra (5 × 10−5 M,
5 °C) are in agreement with the calculated spectrum, except for
a slight decrease in intensity (Figure 5a). The spectrum did
not change at 25 °C at the same concentration. The decrease in
intensity at 60 °C and 80 °C was observed with an isosbestic
point at 348 nm, which is again consistent with partial disaggrega-
tion at the ethynyl domain. As for the effect of concentration at
5 °C, no change was observed at 1 × 10−4 M compared with
that at 5 × 10−5 M (Figure 5b), but the Cotton effect was slightly
suppressed at 2.5 × 10−5 M (Figure S5, Supporting Information).

It was considered that P4M5P4-1 was the S-ethynyl-dimer
state at concentrations higher than 5 × 10−5 M and at the
temperature of 5 °C.
Four S-states of P4M5P4-1 were obtained in solution by

changing the solvent, and different CD and UV−vis spectra
were obtained (Figure 6).
DLS analysis of the four states of P4M5P4-1 was conducted

(Figure 7). The amido-dimer state in bromobenzene (5 × 10−5 M,

20 °C) and the all-dimer state in fluorobenzene (5 × 10−5 M,
20 °C) were approximately 25 nm in diameter, whereas the
random-coil state in THF (5 × 10−5 M, 20 °C) and the ethynyl-
dimer state in 12% DMSO/trifluoromethylbenzene (5 × 10−5 M,
20 °C) had an average diameter range of 6−8 nm. Similar
results on the aggregate sizes were obtained for P4M5P4-1 with
P4P5P4-19 previously described, and it was concluded that the
homoaggregates of P4M5P4-1 are dimeric.
The thermal structural changes of P4M5P4-1 during the ag-

gregation and disaggregation at the central ethynyl domain
were examined using the CD spectra of the S-states (Figure 8).

Figure 5. CD spectra of P4M5P4-1 in 12% DMSO/trifluoromethylbenzene at different temperatures at concentrations of (a) 5 × 10−5 M and
(b) 1 × 10−4 M. The calculated spectrum was obtained by adding the CD spectra of disaggregated (P)-49 (THF) and the enantiomeric spectrum of
aggregated (P)-59 (trifluoromethylbenzene) in 2:1 ratio. The insets show the expansion of the spectra between 340 and 360 nm.

Figure 6. (a) CD and (b) UV−vis spectra of four aggregate S-states of P4M5P4-1 in 12% DMSO/trifluoromethylbenzene (5 × 10−5 M, 5 °C),
THF, bromobenzene, and fluorobenzene (2.5 × 10−6 M, 25 °C).

Figure 7. Size distributions of P4M5P4-1 determined by DLS
experiments in different solvents (5 × 10−5 M, 20 °C).
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When P4M5P4-1 was dissolved in toluene (2.5 × 10−5 M) and
warmed at 60 °C, the S-amido-dimer state was obtained as
indicated by CD spectra (Figure 9). The spectra at 5 °C were

essentially the same at 60 °C. The thermal stabilities of P4M5P4-1
and P4P5P4-1 all-dimer aggregates were compared under the
same conditions. P4P5P4-1 was a 2:3 mixture of the all-dimer
and amido-dimer at 5 °C and a 1:9 mixture at 60 °C (Figure S6,
Supporting Information).
The heating experiment was also conducted for P4M5P4-1

in 12% DMSO/trifluoromethylbenzene to compare the ethynyl-
dimer aggregates of P4P5P4-1 (Figure 10). P4M5P4-1 was a

3:1 mixture of the ethynyl-dimer and random-coil at 60 °C and a
1:2 mixture at 80 °C (Figure 11). The calculated CD spectra
were obtained by adding those of the S-ethynyl-dimer (Figure 6a,
12% DMSO/trifluoromethylbenzene) and S-random-coil
(Figure 6a, THF) of P4M5P4-1 in a 3:1 ratio and in a 1:2 ratio,
which were in good agreement with the experimental spectra at
60 °C and at 80 °C, respectively. To compare, P4P5P4-1 was a
3:2 mixture of the ethynyl-dimer and random-coil at 60 °C and
a 1:4 mixture at 80 °C (Figure S7, Supporting Information).
Relatively small effects of stereochemistry on the thermal

properties of P4M5P4-1 and P4P5P4-1 in the aggregation and
disaggregation at the central ethynyl domain were observed,
although the P4P5P4-1 all-dimer aggregate was slightly more
stable than the P4M5P4-1 all-dimer aggregate.
The multidomain compound P4M5P4-1 exhibited similar homo-

aggregation properties to P4P5P4-1, and the isomeric tridomain
compounds P4M5P4-1 and P4P5P4-1 independently aggre-
gated and disaggregated at the amido and ethynyl domains. The
homoaggregations of M4P5M4-1 and M4M5M4-1 should be
identical to those of P4M5P4-1 and P4P5P4-1, respectively,
except for the inverted nature of the CD spectra.

Heteroaggregation of P4M5P4-1/P4P5P4-1. On the basis
of the results of the homoaggregation of P4M5P4-1 and P4P5P4-1,
heteroaggregation was further studied. In such a study, it was
critical to analyze the selectivities of heteroaggregation and
homoaggregation.
It was first confirmed that the P4M5P4-1/P4P5P4-1 mixture

in THF was the random-coil state for both P4M5P4-1 and
P4P5P4-1. CD spectra (25 °C) of the 1:1 mixture of P4M5P4-1
(2.5 × 10−4 M) and P4P5P4-1 (2.5 × 10−4 M) coincided with
the calculated spectrum obtained by adding the CD spectra of
P4M5P4-1 (Figure 6, THF) and P4P5P4-19 (THF) in the
S-random-coil state (Figure S8a, Supporting Information). The
UV−vis spectra also showed good agreement (Figure S8b).
Then, trifluoromethylbenzene, which promotes the aggregation
of both ethynyl and amido domain,10,11 was added to make a
solution of 10% THF/trifluoromethylbenzene (Figure 12).

The concentrations of P4M5P4-1/P4P5P4-1 were adjusted to
2.5 × 10−6 or 2.5 × 10−5 M. The experimental CD and UV−vis
spectra of the P4M5P4-1/P4P5P4-1 mixture were quite differ-
ent from those of the P4M5P4-1/P4P5P4-1 mixture in the

Figure 8. Thermal structural changes between all-dimer and amido-
dimer.

Figure 9. CD spectra of P4M5P4-1 in toluene (2.5 × 10−5 M) at 5 and
60 °C. The spectrum of the S-amido-dimer (Figure 6a, bromobenzene) is
also shown.

Figure 10. Thermal structural changes between ethynyl-dimer and
random-coil.

Figure 11. CD spectra of P4M5P4-1 in 12% DMSO/trifluorome-
thylbenzene (5 × 10−5 M) at 60 °C and 80 °C. The experimental
spectra (blue and red line) were taken from Figure 5a. The calculated
spectrum for the 3:1 state (green line) was obtained by adding the
spectra of 3/4 of the S-ethynyl-dimer state (Figure 6a, 12% DMSO/
trifluoromethylbenzene) and 1/4 of the S-random-coil state (Figure 6a,
THF). The calculated spectrum for the 1:2 state (gray line) was ob-
tained by adding the spectra of 1/3 of the S-ethynyl-dimer state and
2/3 of the S-random-coil state.

Figure 12. Formation of P4M5P4-1/P4P5P4-1 heteroall-dimer.
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random-coil state (Figure 13 and S8) and were also different
from the calculated spectra obtained by adding those of S-all-
dimers P4M5P4-1 (Figure 6a, fluorobenzene) and P4P5P4-19

(fluorobenzene). The calculated CD spectrum of the heteroall-
dimer, in which both the amido and ethynyl domains were aggre-
gated, was obtained from that of aggregated (P)-410 (chloro-
form). Because the ethynyl domain of P4M5P4-1/P4P5P4-1 is
racemic, its structure was assumed not to reflect CD. Although
the assumption is simple, the experimental CD spectrum was in
fairly good agreement with the calculated spectrum (Figure 14a).
The calculated UV−vis spectrum was obtained by adding the
UV−vis spectrum of the aggregated (P)-4 (Figure S9,
Supporting Information, chloroform) and that of heteroaggre-
gated (P)-5/(M)-613a (toluene) in 2:1 ratio. The experimental
UV−vis spectra are in good agreement with the calculated spec-
trum (Figure 14b). Essentially the same results were obtained at
a higher concentration of 2.5 × 10−5 M (Figure 13). When the
2.5 × 10−6 M solution was heated at 60 °C, no change was

observed in the CD or UV−vis spectrum, which indicated a high
thermal stability of the heteroaggregate. The results indicated
that P4M5P4-1/P4P5P4-1 formed heteroall-dimer under the
existing conditions. A Job plot experiment using UV absorp-
tion (2.5 × 10−6 M, 25 °C) at 364 nm in 10% THF/
trifluoromethylbenzene revealed the formation of a 1:1 complex
(Figure 14c).
HPLC analysis provided clear evidence of selective hetero-

aggregation without homoaggregation. An amido-dimer
P4M5P4-1 solution (2.5 × 10−6 M) in 10% THF/trifluoro-
methylbenzene was prepared by adding trifluoromethylbenzene
to the THF (2.5 × 10−5 M) solution of P4M5P4-1. Normal-
phase HPLC analysis using the same solvents revealed a reten-
tion time of 4.4 min for this mixture (Figure 15a). The same
retention time was obtained for P4P5P4-1 (Figure 15b). A
P4M5P4-1/P4P5P4-1 mixture in 10% THF/trifluoromethylben-
zene, obtained as noted above showed a retention time of 3.5 min
(Figure 15c). The coinjection of the P4M5P4-1/P4P5P4-1

Figure 13. (a) CD and (b) UV−vis spectra of P4M5P4-1/P4P5P4-1 in 10% THF/trifluoromethylbenzene (25 °C). The spectra of the random-coil
state of P4M5P4-1/P4P5P4-1 (Figure S8) are shown. Calculated spectra obtained by adding S-all-dimer of P4M5P4-1 (Figure 6a, fluorobenzene)
and P4P5P4-19 (fluorobenzene) are also shown.

Figure 14. (a) CD and (b) UV−vis spectra of P4M5P4-1/P4P5P4-1 in 10% THF/trifluoromethylbenzene (2.5 × 10−6 M, 25 °C). The calculated
CD spectrum is that of aggregated (P)-410 (chloroform). The calculated UV−vis spectrum was obtained by adding the UV−vis spectrum of
aggregated (P)-4 (Figure S9, chloroform) and heteroaggregated (P)-5/(M)-613a (toluene) in 2:1 ratio. (c) Result of Job plot experiment
(10% THF/trifluoromethylbenzene, 2.5 × 10−6 M, 25 °C) using ε (364 nm) against ratio of P4P5P4-1 to P4M5P4-1.
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mixture and P4M5P4-1 showed two peaks at 3.5 and 4.4 min,
confirming the formation of different species in the P4M5P4-1/
P4P5P4-1 mixture and P4M5P4-1 or P4P5P4-1 (Figure 15d).
The results indicated the heteroaggregate formation of P4M5P4-1/
P4P5P4-1 and essentially no homoaggregate formation. DLS
analysis of this state of P4M5P4-1/P4P5P4-1 (10% THF/
trifluoromethylbenzene, 5 × 10−5 M, 20 °C) was conducted
(Figure 16), and the heteroall-dimer state showed a 25 nm

average diameter, which was similar to that of the homoall-
dimer state of P4M5P4-1 (Figure 7). AFM analysis of the
heteroall-dimer state was also conducted (Figure S10,
Supporting Information). AFM images of the sample prepared
from the P4M5P4-1/P4P5P4-1 mixture (10% THF/trifluor-
omethylbenzene) showed dispersed particles of about 25 nm
diameter. The results were in good agreement with DLS anal-
ysis. The homoaggregation of P4P5P4-1,9 P4M5P4-1 and the
heteroaggregation of P4M5P4-1/P4P5P4-1 were shown to
possess a similar size, which was consistent with dimeric hetero-
aggregate formation and not higher aggregates.
The solvent effect on aggregation was examined by CD

spectroscopy using the same procedures starting from the THF
solution of the S-random-coil states of P4M5P4-1/P4P5P4-1.
When fluorobenzene or chloroform was added to form 10%
THF solution, CD and UV−vis spectra similar to those in the
experiment using trifluoromethylbenzene were obtained. The
results indicated the formation of the heteroall-dimer (Figure
S11, Supporting Information). The addition of toluene or
bromobenzene gave similar CD spectra but different UV−vis

spectra with reduced absorbance at 360 nm (Figure S12,
Supporting Information), which may be due to disaggregation
at the ethynyl domain to form the heteroamido-dimer state.
It was then considered interesting to determine whether the

initial states of P4M5P4-1 and P4P5P4-1 affect the hetero-
aggregate formation. The above procedures initiated the aggrega-
tion from the S-random-coil states of P4M5P4-1 and P4P5P4-1
in THF with the addition of trifluoromethylbenzene. Then, the
aggregation experiment was started from the S-amido-dimer
states of P4M5P4-1 (Figure 3) and P4P5P4-19 in 10% THF/
trifluoromethylbenzene. Two solutions (2.5 × 10−6 M) of
P4M5P4-1 and P4P5P4-1 in 10% THF/trifluoromethylbenzene
were prepared and mixed at room temperature. The experi-
mental CD and UV−vis spectra of the mixture were different
from those of the heteroall-dimer of P4M5P4-1/P4P5P4-1
(Figure S13, Supporting Information) but identical to the cal-
culated spectra obtained by adding those of the S-amido-dimer
states of P4M5P4-1 (Figure 6a, bromobenzene) and P4P5P4-19

(bromobenzene). HPLC analysis of this mixture gave a retention
time of 4.4 min, different from the retention time (3.5 min) of
P4M5P4-1/P4P5P4-1 heteroaggregation (Figure S14, Support-
ing Information). The results showed no heteroaggregation;
heteroaggregation occurred only in the random-coil, not in the
amido-dimer (Figure 17).

As for the mechanism of heteroall-dimer formation, it may be
likely that heteroaggregation initially occurred at the central
ethynyl domain with the addition of trifluoromethylbenzene,
which was followed by the aggregation at the terminal amido
domain. In the case that the aggregation at the amido domain
preceded that at the ethynyl domain, a mixture of hetero-
aggregates and homoaggregates formed (Figure 18).

The process of addition of trifluoromethylbenzene to the
THF solution of P4M5P4-1/P4P5P4-1 was followed by CD

Figure 16. Size distributions of P4M5P4-1/P4P5P4-1 determined by DLS
experiments in 10% THF/trifluoromethylbenzene (5 × 10−5 M, 20 °C).

Figure 15. HPLC profiles of (a) P4M5P4-1, (b) P4P5P4-1, (c)
P4M5P4-1/P4P5P4-1 obtained as noted in text, and (d) coinjection
mixture of a and c in 10% THF/trifluoromethylbenzene at room
temperature. Mobile phase: 10% THF/trifluoromethylbenzene; flow
rate: 0.5 mL/min; UV: 290 nm; column: 3.9 × 300 mm μporasil;
sample concentration: 2.5 × 10−6 M.

Figure 17. P4M5P4-1/P4P5P4-1 heteroall-dimer formation from
random-coil.

Figure 18. Mechanism of P4M5P4-1/P4P5P4-1 heteroall-dimer
formation.
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(Figure 19). The 50% and 40% THF/trifluoromethylbenzene
solutions (2.5 × 10−6 M) were prepared by adding trifluoro-
methylbenzene to the THF solution, which exhibited CD and
UV−vis spectra of heteroethynyl-dimer, vide infra (Figure 21).
The CD spectra with 20% THF content coincided with those
of the heteroall-dimer (Figure 14), and the results indicated the
two-step mechanism of the heteroall-dimer formation of P4M5P4-
1/P4P5P4-1 (Figure 18). It was shown that P4M5P4-1 and
P4P5P4-1 selectively formed the heteroall-dimer state, when
their THF solution was diluted with trifluoromethylbenzene
at room temperature.
Along with the heteroall-dimer, a heteroethynyl-dimer was

formed for P4M5P4-1/P4P5P4-1 with a change in the proce-
dures. Solutions of P4M5P4-1 and P4P5P4-19 (2.5 × 10−5 M)
in 12% DMSO/trifluoromethylbenzene, both in ethynyl-dimer
states (Figure 6), were mixed in 1:1 ratio at room temperature.
The solution was heated at 80 °C for 10 min to form random-
coils and cooled to 25 °C to form heteroethynyl-dimers (Figure 20).

The CD and UV−vis spectra of the resulted solution were
apparently different from those of the P4M5P4-1/P4P5P4-1
heteroall-dimer (Figure 21). The CD spectrum of the P4M5P4-1/
P4P5P4-1 heteroethynyl-dimer was calculated using that of dis-
aggregated (P)-49 (THF), which was in fair agreement with the
experimental spectra (Figure 21a). UV−vis spectrum was calculated
by adding the UV−vis spectrum of disaggregated (P)-4 (Figure S9,
THF) and that of heteroaggregated (P)-5/(M)-613a (toluene)
in 2:1 ratio, which was again in agreement with the experi-
mental spectrum (Figure 21b). The Job plot experiment using
UV−vis absorption at 364 nm showed the formation of a 1:1 com-
plex (Figure 21c). This state was concluded as the heteroethynyl-
dimer state of P4M5P4-1/P4P5P4-1.
HPLC analysis of the heteroethynyl-dimer state was con-

ducted. A solution (5 × 10−5 M) of P4M5P4-1/P4P5P4-1 in
12% DMSO/trifluoromethylbenzene was prepared by mixing

P4P5P4-1 and P4M5P4-1 at room temperature. A retention
time of the resulting solution of 4.1 min was obtained (Figure 22a).
When the solution was heated at 80 °C and cooled to room
temperature, HPLC analysis showed a retention time of 3.3 min
(Figure 22b). The heteroethynyl-dimer state of P4M5P4-1/
P4P5P4-1 was thus confirmed.
P4M5P4-1/P4P5P4-1 was in the random-coil state in THF-

d8 (Figure S8), and the 1H NMR spectrum (2 × 10−4 M,
25 °C) showed two sharp amide protons at δ 10.0 and 10.2 as
well as well-resolved aromatic protons (Figure S15a, Support-
ing Information). The spectrum of the heteroethynyl-dimer in
12% DMSO-d6/PhCF3-d5 (Figure 21) showed relatively sharp
amide peaks at δ 11.2 and 11.4 (Figure S15b). P4M5P4-1/
P4P5P4-1 in 10% THF-d8/CDCl3 is in the heteroall-dimer
state (Figure S11) and showed a serious broadening of both
amide and aromatic protons (Figure S15c). Similar results were
obtained in the homoaggregates of P4P5P4-1.9

A study of the structural change of heteroaggregates between
the heteroall-dimer and the heteroethynyl-dimer was conducted.
To a 10% THF/trifluoromethylbenzene solution (2.5 × 10−6 M)
of P4M5P4-1/P4P5P4-1 in the heteroall-dimer state was added
DMSO. When DMSO content was increased from 0% to 30%,
the CD intensity in the 290 and 320 nm region decreased
(Figure S16a,b, Supporting Information). The UV−vis intensity
in the 300 nm region increased. The spectra did not change at
DMSO contents above 20%, and they are in good agreement
with those of the heteroethynyl-dimer (Figure S16c,d). The
result showed disaggregation at the amido domain with the
DMSO addition (Figure 23).
P4M5P4-1/P4P5P4-1 formed dimeric heteroaggregates but

not homoaggregates. The heteroaggregates were thermally more
stable than homoaggregates of P4M5P4-1 and P4P5P4-1. To
form heteroaggregates P4M5P4-1/P4P5P4-1, homoaggregates
P4M5P4-1 and P4P5P4-1 need to disaggregate to random-coil,
and then the heteroaggregation occurs by a two-step mechanism
via initial aggregation at the central ethynyl domain. Thus, the
strong and initial heteroaggregation at the ethynyl domain may
be the origin of the predominant heteroaggregation over homo-
aggregation.

Racemic Heteroaggregation of P4P5P4-1/M4M5M4-1
and P4M5P4-1/M4P5M4-1. The heteroaggregation of
P4P5P4-1/M4M5M4-1, which is a racemic mixture, was also
examined (Figure 24). To a THF solution (2.5 × 10−5 M) of
P4P5P4-1 and M4M5M4-1, trifluoromethylbenzene was added,
and 10% THF/trifluoromethylbenzene solution (2.5 × 10−6 M)
was prepared. The solution was not CD-active. UV−vis spectrum
showed an increase in absorbance in the 360 nm region, which

Figure 19. (a) CD and (b) UV−vis spectra of P4M5P4-1/P4P5P4-1 in 20% THF/trifluoromethylbenzene, 40% THF/trifluoromethylbenzene, and
50% THF/trifluoromethylbenzene (2.5 × 10−6 M, 25 °C). The spectra of the heteroall-dimer (Figure 14) and heteroethynyl-dimer (Figure 21) of
P4M5P4-1/P4P5P4-1 are also shown.

Figure 20. Formation of P4M5P4-1/P4P5P4-1 heteroethynyl-dimer
from ethynyl-dimer.
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was quite different from that observed in the random-coil
(Figure 25a). The Job plot experiment using UV absorption (2.5 ×
10−6 M, 25 °C) at 364 nm in 10% THF/trifluoromethylbenzene
revealed the formation of a 1:1 complex (Figure 25b). These re-
sults suggested heteroaggregate formation at the ethynyl domain.
Similar observations were made using fluorobenzene. HPLC
analysis of 10% THF/trifluoromethylbenzene solution indicated
heteroaggregate formation with a retention time of 3.5 min, with
no homoaggregate formation (Figure 26). DLS and AFM anal-
yses provided about 25 nm average diameter, which was consistent
with heteroall-dimer formation (Figure 27, and Figure S17,
Supporting Information).
To determine the aggregate state at the amido domain, DMSO

addition was carried out. To a 10% THF/trifluoromethylbenzene

solution (2.5 × 10−6 M) of P4P5P4-1/M4M5M4-1, DMSO was
added. An increase in DMSO content from 0 to 20% increased
UV−vis intensity in the 300 nm region with an isosbestic point at
343 nm (Figure 28). These experimental results were consistent
with disaggregation at the amido domain of the heteroall-dimer of
P4P5P4-1/P4M5P4-1 (Figure S16b), consistent with the
heteroall-dimer formation of P4P5P4-1/M4M5M4-1 in 10%
THF/trifluoromethylbenzene. Analysis of P4M5P4-1/M4P5M4-
1 provided the same results of heteroaggregation (Figures S18−
22, Supporting Information).
Note that P4P5P4-1/P4M5P4-1, P4P5P4-1/M4M5M4-1,

and P4M5P4-1/M4P5M4-1 formed heteroaggregates but did

Figure 21. (a) CD and (b) UV−vis spectra of P4M5P4-1/P4P5P4-1 in 12% DMSO/trifluoromethylbenzene (2.5 × 10−5 M, 25 °C). The calculated
CD spectrum was obtained from the CD spectrum of disaggregated (P)-49 (THF). The calculated UV−vis spectrum was obtained by adding the
UV−vis spectrum of disaggregated (P)-4 (Figure S9, THF) and heteroaggregated (P)-5/(M)-613a (toluene) in 2:1 ratio. The spectra of P4M5P4-1/
P4P5P4-1 heteroall-dimer (Figure 14) are also shown. (c) Result of Job plot experiment (12% DMSO/trifluoromethylbenzene, 2.5 × 10−5 M,
25 °C) using ε (364 nm) against ratio of P4P5P4-1 to P4M5P4-1.

Figure 22. HPLC profiles of P4M5P4-1/P4P5P4-1 in 12% DMSO/
trifluoromethylbenzene at room temperature (a) before heating and
(b) after heating at 80 °C for 10 min. Mobile phase: 12% DMSO/
trifluoromethylbenzene; flow rate: 0.5 mL/min; UV: 290 nm; column:
3.9 × 300 mm μporasil; sample concentration: 5 × 10−5 M.

Figure 23. Structure change of P4M5P4-1/P4P5P4-1 heteroall-dimer
to heteroethynyl-dimer.

Figure 24. Racemic heteroaggregation of P4P5P4-1/M4M5M4-1.
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not form homoaggregates. In the case of oligomers with central
ethynyl domains containing enantiomer pairs, heteroaggrega-
tion predominates homoaggregation. A comparison of the three
combinations revealed a relatively small effect of the aggrega-
tion of the amido domain on the aggregation of the tridomain
compounds.
Aggregation of P4P5P4-1/M4P5M4-1. The aggregation

of P4P5P4-1/M4P5M4-1 was examined, in which P4P5P4-1
and M4P5M4-1 had the central part of the (P)-ethynyl domain
and a racemic nature of the amido domain. To a solution
(2.5 × 10−5 M) of P4P5P4-1 and M4P5M4-1 in THF was
added trifluoromethylbenzene, and 10% THF/trifluoromethyl-
benzene solution (2.5 × 10−6 M) was prepared. The CD
spectrum (25 °C) of P4P5P4-1/M4P5M4-1 showed a weak
Cotton effect similar to that of disaggregated (P)-511a

(chloroform) (Figure S23a, Supporting Information). The

UV−vis (2.5 × 10−6 M, 25 °C) spectrum was different from
that of the S-random coil state of P4P5P4-1. The retention
time of 4.4 min was obtained in the HPLC analysis using the
same solvent (Figure S24, Supporting Information). Although
P4P5P4-1/M4P5M4-1 was confirmed to form aggregates, homo-
aggregation and heteroaggregation of P4P5P4-1/M4P5M4-1
could not be distinguished.

■ CONCLUSION
To summarize, four possible combinations of tridomain com-
pounds, i.e., P4P5P4-1/P4M5P4-1, P4P5P4-1/M4M5M4-1,
P4M5P4-1/M4P5M4-1, and P4P5P4-1/M4P5M4-1, were
examined for heteroaggregation. Three of them, i.e., P4P5P4-
1/P4M5P4-1, P4P5P4-1/M4M5M4-1, and P4M5P4-1/
M4P5M4-1, formed dimeric heteroaggregates but not homo-
aggregates. This is a notable example of synthetic multidomain
compounds that are selective for forming heteroaggregates.
The heteroaggregation of the central ethynyl domain with an
enantiomeric structure appears to govern the heteroaggregation
of each tridomain compound. This may be due to the stronger
heteroaggregation compared with homoaggregation at this
domain, and to the procedures containing the initial aggrega-
tion at the ethynyl domain. It will be interesting to examine whether
proteins employ related strategies for heteroaggregation.

■ EXPERIMENTAL SECTION
General Methods. 1H NMR spectra were recorded on a 400 MHz

spectrometer with tetramethylsilane as an internal standard. 13C NMR
spectra were recorded on a 151 MHz spectrometer. 1H NMR spectra

Figure 25. (a) UV−vis spectra of P4P5P4-1/M4M5M4-1 in 10% THF/trifluoromethylbenzene and 10% THF/fluorobenzene (2.5 × 10−6 M,
25 °C). The UV spectrum of the random-coil of P4P5P4-19 (THF) is also shown. (b) Job plot experiment (10% THF/trifluoromethylbenzene,
2.5 × 10−6 M, 25 °C) using ε (364 nm) against ratio of P4P5P4-1 to M4M5M4-1.

Figure 26. HPLC profiles of (a) P4P5P4-1/M4M5M4-1 and (b)
P4P5P4-1 in 10% THF/trifluoromethylbenzene at room tempera-
ture. Mobile phase: 10% THF/trifluoromethylbenzene; flow rate:
0.5 mL/min; UV: 290 nm; column: 3.9 × 300 mm μporasil; sample
concentration: 2.5 × 10−6 M.

Figure 27. Size distributions of P4P5P4-1/M4M5M4-1 determined
by DLS experiments in 10% THF/trifluoromethylbenzene (5 ×
10−5 M, 20 °C).

Figure 28. UV spectra (2.5 × 10−6 M, 25 °C) of P4P5P4-1/
M4M5M4-1 in 10% THF/trifluoromethylbenzene, to which DMSO
was added. DMSO content was changed between 0 and 20%. The
inset shows the expansion of the spectrum between 330 and 350 nm.

The Journal of Organic Chemistry Article

dx.doi.org/10.1021/jo301898c | J. Org. Chem. 2012, 77, 10655−1066710664



taken in THF-d8 (δ 1.73) and 13C NMR spectra taken in THF-d8
(δ 67.4) were referenced to the residual solvents. MALDI TOF-MS
spectra were obtained with negative ion mode and using 2-amino-5-
nitropyridine as a matrix. CD and UV−vis spectra were recorded using
distilled or spectrophotomeric grade commercial solvents.
Typical Procedures for the Synthesis of Amido-ethynyl-

amidohelicene Tridomain Oligomer. Under an argon atmosphere,
a mixture of 29 (50 mg, 0.017 mmol), tris(dibenzylideneacetone)-
dipalladium(0) chloroform adduct (4.6 mg, 0.0086 mmol), cuprous
iodide (9.6 mg, 0.10 mmol), trimesitylphosphine (10 mg, 0.052 mmol),
triphenylphosphine (6.8 mg, 0.052 mmol), tetrabutylammonium iodide
(32 mg, 0.086 mmol), triethylamine (0.1 mL), and N,N-dimethylfor-
mamide (1 mL) was freeze-evacuated three times. A solution of 311

(22 mg, 0.0086 mmol) in THF (1 mL) was also freeze-evacuated three
times and then added dropwise to the above solution. The mixture
was stirred for 5 h at 45 °C. The reaction was quenched by adding
saturated aqueous ammonium chloride, and the organic materials were
extracted with ethyl acetate and toluene. The organic layer was washed
with water and brine and dried over magnesium sulfate. The solvents
were evaporated under reduced pressure. Separation by recycling GPC
and silica gel chromatography followed by precipitation from hexane−
dichloromethane gave 1 as a yellow solid.
Tridomain Oligomer P4M5P4-1. Yield 45 mg, 0.0056 mmol,

65%. Mp 246−251 °C (hexane−dichloromethane). [α]D23 −94 (c 0.05,
PhBr). MS (MALDI-TOF, 2-amino-5-nitropyridine) Calcd for
12C539

13C5H553N18O48 [M − H]−: 8110.2. Found: 8110.8. UV−vis
(THF, 2.5 × 10−6 M) λmax (ε) 340 nm (5.1 × 105). CD (THF, 2.5 ×
10−6 M)λ (Δε) 315 nm (148), 350 nm (−244), 389 nm (220). IR
(KBr) 2924, 2852, 2208, 1722, 1653 cm−1. Anal. (C544H554N18O48)
Calcd for: C, 80.54; H, 6.88; N, 3.11%. Found: C, 80.40; H, 7.04; N,
3.33%. 1H NMR (400 MHz, THF-d8) δ 0.84 (42H, m), 1.27−1.51
(214H, m), 1.76−1.89 (28H, m), 1.96 (78H, s), 4.26−4.43 (28H, m),
7.48−7.55 (27H, m), 7.63−7.70 (17H, m), 7.72−7.78 (10H, m), 7.97
(2H, s), 8.11 (4H, s), 8.22−8.29 (9H, m), 8.32−8.45 (42H, m), 8.58−
8.62 (9H, m), 8.78−8.85 (9H, m) 10.02 (2H, s), 10.20 (16H, s). 13C
NMR (151 MHz, THF-d8) δ 14.4, 23.45, 23.52, 23.55, 27.0, 28.6,
29.71, 29.74, 29.8, 30.26, 30.31, 30.5, 32.83, 32.85, 65.5, 65.7, 66.0,
66.3, 80.0, 89.1, 90.2, 93.7, 93.8, 94.8, 114.0, 115.2, 115.6, 116.7, 120.8,
120.87, 120.89, 121.2, 121.5, 124.1, 124.6, 125.1, 125.3, 125.4, 125.5,
127.1, 127.5, 127.7, 127.9, 127.95, 128.05, 128.26, 128.32, 128.4,
128.5, 129.8, 129.88, 129.93, 130.20, 130.24, 130.3, 130.7, 130.9,
131.0, 131.07, 131.14, 131.9, 132.1, 132.25, 132.30, 132.5, 132.7,
132.8, 132.9, 133.0, 133.19, 133.24, 133.3, 135.8, 136.2, 136.3, 137.49,
137.55, 137.6, 137.77, 137.80, 139.01, 139.05, 141.2, 141.4, 141.6,
153.6, 165.4, 165.8, 166.5, 167.9, 168.1, 168.2.
Tridomain Oligomer M4P5M4-1. Yield 43 mg, 0.0053 mmol,

61%. Mp 245−247 °C (hexane−dichloromethane). [α]D23 +74 (c 0.05,
PhBr). Anal. (C544H554N18O48) Calcd for: C, 80.54; H, 6.88; N, 3.11%.
Found: C, 80.17; H, 7.02; N, 3.11%.
Tridomain Oligomer M4M5M4-1. Yield 40 mg, 0.0049 mmol,

54%. Mp 246−248 °C (hexane−dichloromethane). [α]D23 +327 (c 0.25,
THF). Anal. (C544H554N18O48) Calcd for: C, 80.54; H, 6.88; N, 3.11%.
Found: C, 80.16; H, 7.21; N, 3.10%.
Procedures for CD and UV−vis Analyses of P4M5P4-1.

(Figures 3, 4, 5, 6, 9, 11, S1, S2, S3, S4, S5, S6, and S7). Solutions of
P4M5P4-1 were prepared at room temperature, sonicated, and put in
a quartz cell for measurement. For variable temperature experiment,
the solution was heated at the highest temperature noted in each
Figure, and was gradually cooled to lower temperatures.
Procedures for DLS Measurements of P4M5P4-1. (Figure 7).

Solutions of P4M5P4-1 (5 × 10−5 M) in THF, bromobenzene, 12%
DMSO/trifluoromethylbenzene, and fluorobenzene were prepared.
DLS measurements were carried out at 20 °C. Solvents were used after
filtration through 0.2 μm pore membrane filters.
Procedures for CD and UV−vis Analyses of P4M5P4-1/

P4P5P4-1. Solutions of P4M5P4-1 (2.5 × 10−4 M) and P4P5P4-1
(2.5 × 10−4 M) in THF were prepared. The solutions were mixed in
1:1 v/v at room temperature, and the analyses were carried out at
25 °C (Figure S8).

Solutions of P4M5P4-1 (2.5 × 10−4 M or 2.5 × 10−5 M) and
P4P5P4-1 (2.5 × 10−4 M or 2.5 × 10−5 M) in THF were prepared.
The solutions of P4M5P4-1 (0.5 mL) and P4P5P4-1 (0.5 mL) were
mixed in a volumetric flask (10 mL) at room temperature, to which
trifluoromethylbenzene was added to make a 10 mL solution. The
solution was noted 10% THF/trifluoromethylbenzene with concen-
trations of 2.5 × 10−5 M and 2.5 × 10−6 M in this work. The analyses
were carried out at 25 °C and 60 °C (Figure 13 and 14).

Solutions of P4M5P4-1 (2.5 × 10−5 M) and P4P5P4-1 (2.5 × 10−5

M) in THF were prepared. The solutions of P4M5P4-1 (0.5 mL) and
P4P5P4-1 (0.5 mL) were mixed in a volumetric flask (10 mL) at room
temperature, to which a solvent (fluorobenzene, chloroform, toluene,
or bromobenzene) was added to make a solution (10 mL) of 10%
THF with concentration of 2.5 × 10−6 M. Analyses were carried out at
25 °C (Figures S11 and S12).

Solutions of P4M5P4-1 (2.5 × 10−6 M) and P4P5P4-1 (2.5 × 10−6

M) in 10% THF/trifluoromethylbenzene were prepared. The solu-
tions of P4M5P4-1 and P4P5P4-1 were mixed in 1:1 v/v at room
temperature, and analyses were carried out at 25 °C (Figure S13).

Solutions of P4M5P4-1 (1.25 × 10−5 M) and P4P5P4-1 (1.25 ×
10−5 M) in THF were prepared. The solutions of P4M5P4-1 (1 mL)
and P4P5P4-1 (1 mL) were mixed in volumetric flasks (10 mL) at
room temperature, to which trifluoromethylbenzene and THF were
added to make solutions (10 mL) of 20% THF/trifluoromethylben-
zene, 40% THF/trifluoromethylbenzene, and 50% THF/trifluorome-
thylbenzene with concentration of 2.5 × 10−6 M. Analyses were carried
out at 25 °C (Figure 19).

Solutions of P4M5P4-1 (2.5 × 10−5 M) and P4P5P4-1 (2.5 × 10−5

M) in 12% DMSO/trifluoromethylbenzene were prepared. The solu-
tions of P4M5P4-1 and P4P5P4-1 were mixed in 1:1 v/v at room
temperature, and the mixture was heated at 80 °C for 10 min. Analyses
were carried out after cooling to 25 °C (Figure 21).

Solutions of P4M5P4-1 (2.5 × 10−5 M) and P4P5P4-1 (2.5 ×
10−5 M) in THF were prepared. The solutions of P4M5P4-1 (0.5 mL)
and P4P5P4-1 (0.5 mL) were mixed in a volumetric flask (10 mL) at
room temperature, to which trifluoromethylbenzene was added to make
a solution (10 mL) of 10% THF/trifluoromethylbenzene with con-
centration of 2.5 × 10−6 M. This solution (2 mL) was put in a quartz
cell, and DMSO (0.02, 0.06, 0.1, 0.2, 0.4, and 0.6 mL) was added using
microsyringe. These solutions were noted, in this work, 1%, 3%, 5%,
10%, 20%, and 30% DMSO content in 10% THF/trifluoromethylben-
zene solutions, respectively. Analyses were carried out at 25 °C
(Figure S16).

Procedures for HPLC Measurements of P4M5P4-1/P4P5P4-1.
Solutions of P4M5P4-1 (2.5 × 10−6 M) and P4P5P4-1 (2.5 ×
10−6 M) in 10% THF/trifluoromethylbenzene were prepared, and the
measurements were carried out at room temperature (Figure 15a,b).

Solutions of P4M5P4-1 (2.5 × 10−5 M) and P4P5P4-1 (2.5 ×
10−5 M) in THF were prepared. The solutions of P4M5P4-1 (0.5 mL)
and P4P5P4-1 (0.5 mL) were mixed in a volumetric flask (10 mL) at
room temperature, to which trifluoromethylbenzene was added to
make a solution (10 mL) of 10% THF/trifluoromethylbenzene with
concentration of 2.5 × 10−6 M. The measurement was carried out at
room temperature (Figures 15c and S14b).

Solutions of P4M5P4-1 (2.5 × 10−6 M) and P4P5P4-1 (2.5 × 10−6

M) in 10% THF/trifluoromethylbenzene were prepared. The solu-
tions of P4M5P4-1 and P4P5P4-1 were mixed in 1:1 v/v, and the
measurement was carried out at room temperature (Figures 15d and
S14a).

Solutions of P4M5P4-1 (5 × 10−5 M) and P4P5P4-1 (5 × 10−5 M)
in 12% DMSO/trifluoromethylbenzene were prepared. The solutions
of P4M5P4-1 and P4P5P4-1 were mixed in 1:1 v/v, and the mea-
surement was carried out at room temperature (Figure 22a). This
mixture was heated at 80 °C for 10 min, and the measurement was
carried out after cooling to room temperature (Figure 22b).

Procedures for DLS Measurements of P4M5P4-1/P4P5P4-1.
Solutions of P4M5P4-1 (5 × 10−4 M) and P4P5P4-1 (5 × 10−4 M) in
THF were prepared. The solutions of P4M5P4-1 (0.1 mL) and
P4P5P4-1 (0.1 mL) were mixed in a grass vial at room temperature, to
which trifluoromethylbenzene was added to make a solution (10 mL)
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of 10% THF/trifluoromethylbenzene with concentration of 5 ×
10−5 M. The DLS measurements were carried out at 20 °C (Figure 16).
Solvents were used after filtration through 0.2 μm pore membrane filters.
Procedures for 1H NMR Analysis of P4M5P4-1/P4P5P4-1.

Solutions of P4M5P4-1 (2 × 10−4 M) and P4P5P4-1 (2 × 10−4 M) in
THF-d8 were prepared. The solutions of P4M5P4-1 and P4P5P4-1
were mixed in 1:1 v/v. The measurement was carried out after cooling
to 25 °C (Figure S15a).
Solutions of P4M5P4-1 (2 × 10−4 M) and P4P5P4-1 (2 × 10−4 M)

in 12% DMSO-d6/PhCF3-d5 were prepared. The solutions of P4M5P4-1
and P4P5P4-1 were mixed in 1:1 v/v, this mixture was heated at 80 °C for
10 min, and the measurement was carried out after cooling to 25 °C
(Figure S15b).
Solutions of P4M5P4-1 (2 × 10−3 M) and P4P5P4-1 (2 × 10−3 M)

in THF-d8 were prepared. The solutions of P4M5P4-1 (0.05 mL) and
P4P5P4-1 (0.05 mL) were mixed in a grass vial at room temperature,
to which CDCl3 was added to make a solution (1 mL) of 10% THF-
d8/CDCl3 with concentration of 2 × 10−4 M. The measurements were
carried out at 25 °C (Figure S15c).
Procedures for AFM Analysis of P4M5P4-1/P4P5P4-1. Solu-

tions of P4M5P4-1 (2.5 × 10−5 M) and P4P5P4-1 (2.5 × 10−5 M) in
THF were prepared. The solutions of P4M5P4-1 (0.5 mL) and
P4P5P4-1 (0.5 mL) were mixed in a volumetric flask (10 mL) at room
temperature, to which trifluoromethylbenzene was added to make a
solution (10 mL) of 10% THF/trifluoromethylbenzene with con-
centration of 2.5 × 10−6 M. This solution was diluted to 2.5 × 10−8 M,
dropped on a freshly cleaved mica surface and dried in vacuo for AFM
Analysis (Figure S10).
Procedures for UV−vis Analyses of P4P5P4-1/M4M5M4-1 in

10% THF/Trifluoromethylbenzene (Figure 25). Solutions of
P4P5P4-1 (2.5 × 10−5 M) and M4M5M4-1 (2.5 × 10−5 M) in THF
were prepared. The solutions of P4P5P4-1 (0.5 mL) and M4M5M4-1
(0.5 mL) were mixed in a volumetric flask (10 mL) at room temperature,
to which trifluoromethylbenzene was added to make a 10 mL solution.
This solution was noted 10% THF/trifluoromethylbenzene with con-
centration of 2.5 × 10−6 M in this work. The UV−vis analyses were
carried out at 25 °C. P4M5P4−1/M4P5M4-1 was analyzed by the same
procedures (Figure S18).
Procedures for UV−vis Analyses of P4P5P4-1/M4M5M4-1 in

THF/Trifluoromethylbenzene/DMSO (Figure 28). Solutions of
P4P5P4-1 (2.5 × 10−5 M) and M4M5M4-1 (2.5 × 10−5 M) in THF
were prepared. The solutions of P4P5P4-1 (0.5 mL) and M4M5M4-1
(0.5 mL) were mixed in a volumetric flask (10 mL) at room tem-
perature, to which trifluoromethylbenzene was added to make a solu-
tion (10 mL) of 10% THF/trifluoromethylbenzene with concentration
of 2.5 × 10−6 M. This solution (2 mL) was put in a quartz cell, and
DMSO (0.06, 0.1, 0.2, and 0.4 mL) was added using microsyringe. The
solutions were noted, in this work, 3%, 5%, 10%, and 20% DMSO
content in 10% THF/trifluoromethylbenzene solution, respectively.
The analyses were carried out at 25 °C. P4M5P4-1/M4P5M4-1 was
analyzed by the same procedures (Figure S21).
Procedures for HPLC Measurements of P4P5P4-1/M4M5M4-

1 (Figure 26). Solutions of P4P5P4-1 (2.5 × 10−5 M) andM4M5M4-
1 (2.5 × 10−5 M) in THF were prepared. The solutions of P4P5P4-1
(0.5 mL) and M4M5M4-1 (0.5 mL) were mixed in a volumetric flask
(10 mL) at room temperature, to which trifluoromethylbenzene was
added to make a solution (10 mL) of 10% THF/trifluoromethylbenzene
with concentration of 2.5 × 10−6 M. The measurement was carried out at
room temperature. P4M5P4-1/M4P5M4-1 was analyzed by the same
procedures (Figure S19).
Procedures for DLS Measurements of P4P5P4-1/M4M5M4-1

(Figure 27). Solutions of P4P5P4-1 (5 × 10−4 M) and M4M5M4-1
(5 × 10−4 M) in THF were prepared. The solutions of P4P5P4-1
(0.1 mL) andM4M5M4-1 (0.1 mL) were mixed in a grass vial at room
temperature, to which trifluoromethylbenzene was added to make a
solution (10 mL) of 10% THF/trifluoromethylbenzene with con-
centration of 5 × 10−5 M. The DLS measurements were carried out at
20 °C. Solvents were used after filtration through 0.2 μm pore mem-
brane filters. P4M5P4-1/M4P5M4-1 was analyzed by the same pro-
cedures (Figure S20).

Procedures for AFM Analyses of P4P5P4-1/M4M5M4-1
(Figure S17). Solutions of P4P5P4-1 (2.5 × 10−5 M) and
M4M5M4-1 (2.5 × 10−5 M) in THF were prepared. The solutions
of P4P5P4-1 (0.5 mL) and M4M5M4-1 (0.5 mL) were mixed in a
volumetric flask (10 mL) at room temperature, to which
trifluoromethylbenzene was added to make a solution (10 mL) of
10% THF/trifluoromethylbenzene with concentration of 2.5 × 10−6

M. This solution was diluted to 2.5 × 10−8 M, dropped on a freshly
cleaved mica surface, and dried in vacuo for AFM analysis. P4M5P4-
1/M4P5M4-1 was analyzed by the same procedure (Figure S22).

Procedures for CD and UV−vis Analyses of P4P5P4-1/
M4P5M4-1 (Figure S23). Solutions of P4P5P4-1 (2.5 × 10−5 M)
and M4P5M4-1 (2.5 × 10−5 M) in THF were prepared. The solutions
of P4P5P4-1 (0.5 mL) and M4P5M4-1 (0.5 mL) were mixed in a
volumetric flask (10 mL) at room temperature, to which
trifluoromethylbenzene was added to make a solution (10 mL) of
10% THF/trifluoromethylbenzene with concentration of 2.5 × 10−6 M.
The analyses were carried out at 25 °C.

Procedures for HPLC Measurements of P4P5P4-1/M4P5M4-1
(Figure S24). Solutions of P4P5P4-1 (2.5 × 10−5 M) and M4P5M4-1
(2.5 × 10−5 M) in THF were prepared. The solutions of P4P5P4-1
(0.5 mL) and M4P5M4-1 (0.5 mL) were mixed in a volumetric flask
(10 mL) at room temperature, to which trifluoromethylbenzene was
added to make a solution (10 mL) of 10% THF/trifluoromethylbenzene
with concentration of 2.5 × 10−6 M. The measurement was carried out at
room temperature.
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